ABSTRACT: Mixtures of ionic liquids (ILs) allow enlarging the plethora of the physical and chemical properties of these materials in addition to the well-known tunable character associated with pure compounds. It is shown here that mixtures also induce a significant decrease of the melting points of the mixture to values well below those of the original compounds allowing the tuning of the melting point of an ionic liquid mixture and the generation of novel ionic liquids from mesotherm salts. This work evaluates the melting behavior of mixtures of seven hexafluorophosphate-based compounds combined with imidazolium-, pyridinium-, pyrrolidinium-, piperidinium-ammonium-, or phosphoniumbased cations. The solid−liquid equilibrium phase diagrams of nine of their binary mixtures were measured using optical microscopy and differential scanning calorimetry. The pure ILs' melting profile reveals the presence of polymorphs with highly energetic solid−solid transitions that are relevant for the evaluation of these systems. The phase diagrams reported here also allow an investigation on the nonideality of the mixtures of ionic liquids. A classical thermodynamic approach shows that while most of the mixtures investigated present an ideal liquid behavior, others show slight or even marked nonideal profiles. One particular system, [C 3 mpyr][PF 6 ] (1-methyl-1-propylpyrrolidinium hexafluorophosphate) + [C 3 mpip][PF 6 ] (1-methyl-1-propylpiperidinium hexafluorophosphate), displays a continuous solid solution as established by differential scanning calorimetry, powder X-ray diffraction, and crystallographic data being one of the few ionic liquid alloys ever reported.
■ INTRODUCTION
Ionic liquids (ILs) are salts whose melting point is lower than 100°C. This is an arbitrary definition based on the water boiling point, and a large number of mesotherm salts, i.e., salts with a higher melting point yet chemically similar to ionic liquids, fail to meet this criterion and seem to be excluded from the ILs realm. Yet the low melting point is, in many cases, relevant as it expands their liquid phase domain, and so their applicability, while maintaining the particular chemical characteristics of ionic substances. 1, 2 Being salts, they can have their properties tuned by the adequate choice of a large range of cation−anion pairs. The tunability of these materials that is at the basis of the "designer solvent" concept can be further expanded by the use of IL mixtures that may further enhance the possibilities of optimization of their properties.
Researchers working on the ILs field started recently, though still tenuously, to evaluate the use of binary or ternary mixtures of ILs. 3 Among other advantages, the mixing of two compounds can lead to a melting temperature depression until a minimum value when melting occurs without phase separation: the eutectic point. Thenceforth, with the continuous addition of one of the compounds, the mixture's melting point starts to increase again. The great interest in this kind of mixture is that a system can be formulated so that two ionic solids can be mixed to give a eutectic mixture that is liquid at, or close to, room temperature operating conditions. In order to reach such a target, the salt systems' melting profile can be modified through the right choice of a cation−anion pair, manipulating the size and shape of their chemical structures and changing the repulsive/attractive forces that build the lattice energy of the solid state. 4, 5 In this way, it is possible to enlarge the options for materials design using ionic compounds and to produce ILs from non-ILs 6 for a variety of applications, such as stationary phases for chromatography columns, 7 processing of cellulose 8 and preparation of cellulose nanofibers, 9 heterogeneous catalysts, 10 batteries and solar energy appliances, 11,12 heat transfer-storage processes, 13 design of anion-exchange membranes, 14 material for gas separation applications, 15 spreadable coating materials, 16 capacitors, 17 composites 18 and nanomaterials, 19 urban mining, 20 metallurgy 21 and polymer processing. 22, 23 Despite their broad applicability, the melting behavior of ionic mixtures is poorly known. 6 In this work, seven compounds with different cations and hexafluorophosphate ([PF 6 ] − ) as a common anion were considered for the characterization of the melting profile of nine binary mixtures of the type [A] [PF 6 ] + [B][PF 6 ], described in Table 1 . Through the experimental measurement of the solid−liquid equilibrium (SLE) phase diagrams by optical microscopy, the main purpose of this work was to develop new ILs of the type (1−x) [PF 6 ], 3 whose melting points are lower than room temperature, using ILs/salts with high melting points.
This work is also aimed at assessing the nonideality of the liquid phase of the mixtures studied. The solid−liquid equilibrium is probably the easiest approach to assess the activity coefficients of each of the compounds in IL mixtures due to their very low volatility. For that purpose, a classical thermodynamic approach using the values of the pure compounds' melting temperatures, T fus and enthalpies, Δ fus H as well as their polymorphic forms' thermal transitions, T tr and Δ tr H, determined here by differential scanning calorimetry, was used to evaluate the nonideality of the mixture liquid phase. The activity coefficients were assessed by the differences between the calculated behavior of an ideal liquid phase and the actual experimental phase behavior. This approach provides an insight on the chemical interactions in the liquid phase among the molecular structures of the compounds. The chemical structures of the studied ionic compounds as well as their abbreviations are sketched in Figure 1 .
■ EXPERIMENTAL SECTION
The compounds used in this work for the preparation of the binary systems were purchased from IoLiTec (Heilbronn, Germany), except [N 4444 13 C, 19 F, and 31 P NMR spectra. All the compounds presented mass fraction purities higher than 99.5%. For the measurement of the solid−liquid phase diagrams, binary mixtures were prepared from x 1 = (0.0 to 1.0) mole fraction of compound 1, and whose uncertainty was estimated to be σ x = 5 × 10 −4 mole fraction, by weighing 1.0000 g of the mixture in an analytical balance (Mettler Toledo, Columbus, USA) with an uncertainty of ±1 × 10 −4 g. Systems were mixed by stirring, under an atmosphere of nitrogen, at 10 K above the highest melting temperature of the two compounds of the binary, until reaching the complete melting of the sample, and sequentially, cooled to atmosphere temperature. Pure compounds and their mixtures were stored under a vacuum.
Samples of the pure compounds, and some selected mixtures, were submitted to differential scanning calorimetry (DSC) using a Q200 calorimeter (TA Instruments, New Castle, USA) at ambient pressure for melting enthalpy and temperature determination. The DSC was previously calibrated with primary calibration standards, indium, naphthalene, and cyclohexane, with weight fraction purities higher than 0.99, and at a heating rate of 1 K min −1 . Samples of about 5 mg were tightly sealed in hermetic aluminum pans. All compounds were submitted to three repeated cycles of cooling and heating at 1 K·min from T = 183.15 K to a temperature higher than the melting point. Thermograms of some samples, showing the three repeated cycles, are presented in Supporting Information (SI). In general, the first cycle showed slight differences regarding solid−solid transition temperatures and enthalpies due to the thermal history of the sample. A constant nitrogen flow of 50 cm 3 ·min −1 was supplied to the DSC cell in order to avoid condensation of water at the lower temperatures. The properties were measured in the last heating run, and melting temperatures were taken as the peak top values. The uncertainties of the melting temperatures and enthalpies were estimated according to the standard deviations of replicates of the pure compounds and those selected mixtures and taken as 0.50 K for melting temperatures and 0.18 kJ mol −1 for melting enthalpies.. The melting behavior of the pure compounds and their mixtures was studied by temperature controlled optical microscopy using a BX51 Olympus microscope (Olympus Co., Tokyo, Japan) coupled with a LTS120 temperature controller (Linkam Scientific Instruments Ltd., Tadworth, UK) ranging from 243.15 to 393.15 K with a precision of ±0.05 K. The method consisted of a heating run at 0.1 K·min −1 in order to reach a quasi-equilibrium state, starting by an isothermal treatment at T = 243.15 K for crystallization of the sample until reaching the complete melting. A small amount of samples, with approximately 1.0 mg, was placed in concave glass slides in order to favor the thermal transfer in the heating process by the contact of solid particles with the molten phase. The uncertainty of the melting temperatures T of the pure compounds and binary mixtures obtained by microscopy was estimated to be not higher than σ T = 1.30 K. This value was determined according to the mean values obtained by the evaluation of at least three replicates of the pure compounds and Mixtures exhibiting solid solutions were further investigated through DSC measurements, following the same methodology described before and powder X-ray diffractometry using an Empyrean powder diffractometer (PANalytical, Almelo, Netherlands) at room temperature, with nickel filter, Cu−Kα radiation (λ = 1.54180 Å), Bragg− Brentano para-focusing optics configuration, step-scanned in 0.04°( 2θ) at each 30 s. A standard reference material, lanthanum hexaboride powder was used for calibration of diffraction line positions and lines shapes determined through powder diffractometry. The pure compounds were also investigated by single crystal X-ray diffraction at 180 K with monochromated Mo−K α radiation (λ = 0.71073 Å) on a Bruker SMART Apex II diffractometer (Bruker, Billerica, USA) equipped with a CCD area detector. Data reduction was carried out using a SAINT-NT software (Bruker, Billerica, USA), and multiscan absorption corrections were applied to all raw intensity data using the SADABS program (Bruker, Billerica, USA). The structures were solved by a combination of direct methods with subsequent difference Fourier syntheses and refined by full matrix least-squares on F 2 using the SHELX-97. 24 Anisotropic thermal parameters were used for all non-hydrogen atoms, while the C−H hydrogen atoms were refined with isotropic parameters equivalent to 1.2 times those of the atom to which they are bounded. Molecular diagrams were drawn with Mercury software (CCDC, Cambridge, UK) and are presented in Supporting Information (SI). The CCDC reference numbers for compounds [C 3 Modeling and Nonideality Assessment. Considering the usual thermodynamic approach to describe the phase equilibrium by means of the isofugacity criterion, the SLE modeling is well-established and has been since long used in literature for the description of phase diagrams. 25, 26 Classically, the equation for the determination of the melting temperature of a binary system is built under suitable boundary conditions and taking into account general simplifications based on classical physicochemical behavior as described elsewhere 25−27 and presented as follows. 
where x i and z i are the mole fractions of the component i in the liquid and solid phases, respectively, γ i L and γ i S are the activity coefficients of the component i in the liquid and solid phases, respectively, T is the melting temperature (K) of the mixture, R is the universal gas constant (8.314 J·mol −1 ·K −1 ), T fus and Δ fus H are the melting temperature (K) and enthalpy (J·mol −1 ) of component i, T tr and Δ tr H are the thermal transitions temperatures (K) and enthalpies (J·mol −1 ) of the n solid− solid transitions (polymorphic forms) of the component i and Δ fus C p is the heat capacity (J·mol −1· K −1 ) of the component i at the melting tempearature T fus . Considering the relative low difference between the melting temperatures of the pure components T fus and mixtures T and also the absolute values of the Δ fus C p when compared with the Δ fus H ones, 28−30 the term related to the heat capacity can be neglected as discussed elsewhere. 25, 26, 31 Moreover, if one considers that the system has a simple eutectic behavior in which pure compounds are immiscible in the solid phase, the term related to the nonideality of the component i in the solid phase is taken as z i γ i S = 1.0. Furthermore, in the case of the liquid phase ideal behavior, the liquid phase activity coefficient is also taken as γ i L = 1.0. Assuming such behavior, the solidliquid equilibrium (SLE) phase diagram can be predicted by means of only pure components properties described as follows.
Otherwise, if one is interested in estimating the liquid phase's nonideality, this can be obtained from the difference between eq 1 and 2, assuming the formation of pure solid phases and negligible Δ fus C p term, as follows. 6 ], all the remaining salts display at least one solid−solid transition. Such thermal transitions are related to polymorphism phenomena and could also be observed by microscopy as shown in Figure 2 where some micrographs taken during the heating process of [C 3 mpyr][PF 6 ] at temperatures below the first solid−solid transition (Figure  2A) , after the first ( Figure 2B ) and second transitions ( Figure  2C ) are presented. Changes in the refraction properties of the material were clearly observed during the polymorphic transitions. 6 ] show very well defined alternate cation anion layers interlinked by C−H···F hydrogen bonds. The crystal structure results show a probable direct correlation between the melting temperature, the presence of solid−solid transitions, and the volume of the asymmetric unit. It means that the higher the volume, the higher the melting temperature of the compounds as well as the tendency to the polymorphism, probably due to the increasing of the degrees of freedom of the structure to pack in different arrangements. Results also provide relevant information to define the solid− liquid equilibrium thermodynamic profile of the mixtures that will be discussed later.
Mixtures' SLE Experimental Behavior. The solid−liquid phase diagrams of the binary mixtures with experimental values obtained by optical microscopy are presented in Figure 3, 6 ] lower than 0.7, are higher than the maximum temperature attainable with the microscope, which limits the range of mole fraction composition evaluated. Figure 3 present a eutectic-like behavior. The eutectic temperatures of the mixtures are always lower than room temperature (298.15 K), except for the tetraalkyl-based-systems. In the case of these mixtures, the eutectic concentrations, x eutectic , are very close to the pure [C 3 mim][PF 6 ] mole fraction due to the large differences in the pure compounds' melting points. This behavior is significantly intensified by the nonideality of the system that increases the melting points of the mixtures and thwarts the possibility to obtain large melting point depressions by this approach. The greater experimental melting temperature depression obtained T pure − T mixture = 101.50 K was observed with the [C 3 mim]-[PF 6 ] + [C 3 mpyr][PF 6 ] system at x 1 = 0.501 mol fraction with T = 283.15 K (see experimental SLE data in SI). The gray regions highlighted in the SLE diagrams in Figure 3 show the large concentration range in which the mixtures are in the liquid state at room temperature. Thus, considering that one of the main goals of this work was the understanding of the melting behavior of ILs' mixtures in order to decrease their melting temperature and enhance their liquid phase domain, it is possible to conclude that the decrease of the melting temperatures achieved in this work, that can be larger than 100 modeling results using eq 2 (full lines), and using eq 1 (dashed lines) but considering x i S γ i S = 1.0, neglecting the term related do Δ fus C p , and using 2-or 3-suffix Margules as γ i L equation. 25 Gray lines represent the solid−solid transitions temperatures T tr1 and T tr2 (from Table 2 ). Gray regions highlight the concentration range for which the mixture is liquid at room temperature (T = 298.15 K). K by mixing mesothermal salts (ionic solids), worthily allows an extraordinary expansion of possibilities for the development of novel ILs to be used in chemical processes and product development.
All systems evaluated in
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Modeling the Mixtures Behavior. Considering that the systems behave as eutectic mixtures, the modeling was first attempted using eq 2, i.e., with the ideal liquid solution approach (full lines in phase diagrams of Figure 3) . A modeling procedure can be useful as a tool for the prediction of the behavior of an unknown mixture. In this sense, ideal mixtures are quite relevant in the practical context because the knowledge of pure compounds properties, i.e., their melting temperature and enthalpy, as well as polymorphism/solid−solid transitions parameters are enough for a complete description of their SLE. In fact, without the need for adjustment of γ i equations, the modeling becomes completely predictive.
Works in the open literature have been showing this pattern that, from the excess properties point of view, IL mixtures behave approximately as ideal mixtures. 3,6,34−38 Since the mixtures present a eutectic behavior the solid-phase in the biphasic (solid + liquid) region is composed by pure component 2 at the left-hand side of the phase diagram and pure component 1 above the eutectic composition. This assumption is confirmed by optical micrographs presented in Figure 4 . It presents the some pictures taken during the heating of mixtures of [C 3 6 ] mixture, the beginning of the melting and so the biphasic domain could be clearly identified, during the heating of the sample, at around T ≅ T eutectic ( Figure 4C ) with the appearance of a liquid phase, and displacement of the crystals. This profile is observed in both regions close to the pure components (x 1 → 0) and throughout the concentration range.
Moreover, a judicious evaluation of the melting parameters of the pure ILs is crucial for the accuracy of the modeling procedure. As mentioned before, except for [C 3 6 ], the other compounds studied here present at least one endothermic transition before the melting temperature which is related to changes in conformational structure, i.e., polymorphic structures. This phenomenon is well-known in the ILs literature. 33, 39 From the thermodynamic modeling point of view, in some cases, polymorphism is irrelevant because temperatures or enthalpies are too low to be considered, or the transition is close enough to the melting temperature to be embodied or considered as part of the melting processes. However, in this work, the magnitude of the enthalpy of the polymorphic forms' transitions is highly significant when compared to the melting enthalpy and, in a similar way, temperatures cannot be undervalued. For instance, if polymorphism is not taken into account in the ideal assumption modeling, i.e., the variables in eq 2 related to the solid−solid transitions T tr and Δ tr H are set to zero, the relative deviations from experimental data could increase up to 9.30% (in the [C 3 In summary, qualitatively, the results here reported suggest that for mixtures of ILs with a common anion, the use of eq 2 as a predictive tool, aiming for the design of new ILs from ionic solids, is a reasonable first approach with a maximum deviation in the predicted melting temperatures lower than 9.0% for the tetraalkyl-based mixtures, and lower than 3.70% for the remaining mixtures, while deviations are below 1.9% considering the prediction of the eutectic temperature for the comparison of the experimental data and the ideal liquidus lines (full line) depicted in Figure 3 . However, in order to evaluate the magnitude of ideality/nonideality profile of these systems, the values of γ i L were then calculated by eq 3 and are depicted in Figure 5 .
Assuming the uncertainty of γ i L at the 0.95 confidence level, calculated from the experimental standard deviation on the melting properties (T fus , T tr , Δ tr H, and Δ tr H in Table 2 ) and mole fraction x i , the ideal profile can be, in fact, assumed for the three aforementioned systems. A different behavior is however observed for the remaining systems. The three other systems present a markedly nonideal behavior. In the [C 3 6 ], the equilibrium region related to this compound is too small to allow the identification of any significant deviation from ideal behavior. In this example, the differences in the dominant interactions between the aliphatic tetraalkyl cations and the aromatic imidazolium cations can explain their system nonideality. By using the 2-or 3-suffix Margules equation for the calculation of the γ i L the phase behavior could be well-described in all nonideal cases (see model results in dashed lines in Figure  3) 6 ] system. In this case, the high deviations do not allow a good description of the eutectic point. In fact, the values of the γ i L calculated by eq 3 and presented in Figure 5 show that this is the most nonideal system followed by the tetraalkyl-based mixtures.
Curious 6 ] and for which the respective phase diagram is presented in Figure 6 displays a unique behavior, with a very unusual noneutectic profile that was additionally evaluated by DSC and powder X-ray diffractometry of the solid phase. The thermograms and diffractograms are reported in SI. The DSC melting temperature profile is in close agreement with that measured by optical microscopy. Simple eutectic mixtures present two endothermic transitions during the melting process, one related to the eutectic reaction and the other related to the melting. 42−45 However, the thermograms of this system present a single endothermic transition, which suggests the presence of a continuous solid solution and formation of an alloy. Solid solutions are a state where the two compounds crystallize on a single crystal lattice, and the solid phase can be considered as a monophasic system. The formation of a monophasic alloy was confirmed by powder X-ray analysis (SI). In the case of immiscibility, mixtures should present diffraction peaks at the 6 ] leading to the formation of the alloy.
The SLE modeling of a system with solid phase nonideality and miscibility requires that z i γ i S ≠ 1.0. In this case, given the similarity of the two compounds and the results obtained above, for the modeling of the phase diagram it was assumed that the nonideality of this mixture is only due to the solid phase, and the 2-suffix-Margules equation was used for the description of the activity coefficient of the solid phase γ i S . Figure 6 presents the phase diagram of such system comprising both liquidus and solidus lines. This γ i model was chosen because even with just one single adjustable parameter a ij the description of the experimental data is as accurate as obtained for the other systems. The calculated phase diagram shows a homogeneous azeotrope-type shape with a minimum point close to x 1 = 0.340 [C 3 mpyr][PF 6 ] mole fraction and a narrow biphasic region, i.e., x i ≅ z i . This profile is in agreement with a positive deviation from ideality 49 (see inset in Figure 4 ).
■ CONCLUSIONS
The results reported in this work show that it is possible to prepare IL mixtures, with melting temperatures lower than room temperature based on mesotherm salts and thus allowing 6 ] presents a curious behavior displaying the formation of a continuous solid solution that is a quite rare phenomenon among organic compounds. To the best of our knowledge, this is one of the few IL alloys ever reported and the first detailed crystallographic characterization of such an alloy. The overall physicochemical/melting profiles described here that further investigations on solid−liquid equilibrium of ILs and mesotherm salts are important as they can be an important tool to assess the nonideality of the liquid phase of these mixtures, allowing researchers to probe the nature of the molecular interactions. They disclose, moreover, an important approach to the design of IL mixtures based on compounds of high melting points that may enlarge the range of available ILs. 
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